The effect of substrate type on the electrical properties of thick film resistors is determined. Five different substrates are used. The following properties are investigated: thermal expansion, resistor profiles, resistance, TCR and resistor gauge factor. The resistors are physically inspected using X-ray diffractometry and electron probe analysis. This paper shows that conduction mechanism models for thick-film resistors generally need not take into account chemical and structural interactions with the substrate. However the effect of substrate on TCR values is significant for resistors exhibiting a large piezoresistive effect.
INTRODUCTION
Recent papers 1'2 attribute the conduction mechanism in thick-film resistors to percolative tunneling of electrons through conductive grains embedded in the glassy matrix of the resistive layer. This model assumes that the resistance of percolation paths dominates the resistance of a resistor network, electrically equivalent to the thick-film resistor where each resistor is made by a very thin dielectric layer through which the electrons flow by tunneling effect. 3 It has been shown 4,s that experimental results on Ru-based thick-film resistors screen-andfired on 96% Alz O3 substrates closely fit the proposed model. However, more recently it has been pointed out 2 that thick-film resistors can be characterized by a piezoresistive effect with a nonnegligible value of the "gauge factor" (in the order of 10). This suggests that the thick-film resistor electrical properties (resistance and, particularly, its temperature coefficient) depend on the mismatch between the thermal expansion coefficient of the film and that of the substrate. Although the paste manufacturers claim that their compositions are properly prepared to fit the thermal expansion coefficient of 96% A12 O3 substrates, all hybrid circuit manufacturers have found that reproducibility is not easily obtainable because of differences in the glass content in pastes of the same series with 247 different nominal sheet resistivity. This is because of sensitivity of the paste to the firing profile, in particular to cooling. On the other hand, the model of conduction mechanism, that has been quoted above, does not take into account any interaction between the substrate and the resistor film. In order to verify whether or not and in which way the substrate characteristics must be considered in the conduction mechanism of thick-film resistors, this paper describes the piezoresistive effect and the electrical properties of thick-film resistors screen-andfired on five different types of substrates characterized by different thermal expansion coefficients.
MATERIALS AND EXPERIMENTAL

METHODS
The film resistors were obtained by using a commercially available and widely used Ru-based composition (DP 1400 series). The Figure 3 , it was also found that TCR increases by increasing the expansion coefficient. Because X-ray and microprobe analyses have shown that no chemical and structural interaction takes place between the film and the substrate, the observations reported in Figure 2 and in Figure 3 can be explained only in terms of thermal expansion mismatch between the resistive layer and the substrate. In other words, the piezoresistive effect plays its r61e because of the stress applied to the resistors by the substrate. In fact, it is known 7 Figure 4 and in Figure 5 where paste with a nominal sheet resistivity of 10 kohm/o was used. It has been verified that the fitting holds also for pastes with 1000 ohm/n and 100 kohm/n nominal sheet resistivity.
Obviously, the resistors screen-and-fired on the different types of substrates are subjected to different stresses also at room temperature. The change in sheet resistivity induced by these stresses can be 
